The ventricular dimensions of 51 patients with heart disease were determined by ultrasonic echography during cardiac catheterization. These data were used to calculate end-diastolic and end-systolic volumes and stroke volume, using a prolate ellipse as a geometric model of the left ventricle. In 30 patients without valvular regurgitation the stroke volumes determined by the echographic method were compared with those determined simultaneously by the standard Fick method with a correlation coefficient of r = 0.966. In 21 patients with valvular regurgitation, the severity of regurgitation was estimated by comparing the forward stroke volume determined by the Fick method with the total left ventricular stroke volume determined by the echographic method. These calculations of regurgitation correlated reasonably well with the degree of valvular regurgitation estimated from angiocardiographic study. It is suggested that these echographic determinations of stroke volume are an atraumatic, safe, and acceptable method in patients without valvular regurgitation. Moreover, these preliminary studies suggest that the severity of valvular regurgitation can be estimated by utilizing ultrasound echocardiography.
SUMMARY
The ventricular dimensions of 51 patients with heart disease were determined by ultrasonic echography during cardiac catheterization. These data were used to calculate end-diastolic and end-systolic volumes and stroke volume, using a prolate ellipse as a geometric model of the left ventricle. In 30 patients without valvular regurgitation the stroke volumes determined by the echographic method were compared with those determined simultaneously by the standard Fick method with a correlation coefficient of r = 0.966. In 21 patients with valvular regurgitation, the severity of regurgitation was estimated by comparing the forward stroke volume determined by the Fick method with the total left ventricular stroke volume determined by the echographic method. These calculations of regurgitation correlated reasonably well with the degree of valvular regurgitation estimated from angiocardiographic study. It is suggested that these echographic determinations of stroke volume are an atraumatic, safe, and acceptable method in patients without valvular regurgitation. Moreover, these preliminary studies suggest that the severity of valvular regurgitation can be estimated by utilizing ultrasound echocardiography. tion is present.' Although the Fick method gives a reproducible measure of forward or effective cardiac output,2 it does not allow determination of the actual volume of blood pumped by the ventricle in the presence of valvular regurgitation. The only available methods of determining the volume of regurgitation in valvular heart disease and beat-tobeat variation in the stroke volume are the angiographic technics.3 4 Many objections to the routine use of volume angiography are readily apparent.5 These include the dangers of multiple injections of hypertonic contrast medium into the heart and circulation, the effects of the contrast medium on ventricular function, the tedious nature of measurement technics, the need for costly angiographic equipment and the lack of the ability to perform multiple echo of the left side of the interventricular septum ( fig. 1 ). The phases of the cardiac cycle were determined from the electrocardiogram which was recorded simultaneously with the echogram or from the echographic pattern itself if no electrocardiogram was included.1' Analysis of the echographic patterns show a slight chamber enlargement as gauged by divergence of the posterior wall and septal echoes just after the P wave of the ECG, during atrial systole. At the peak of the R wave, the two echoes reverse their course and converge rapidly as the ventricular ejection period proceeds ( fig. 1) . Either the peak of the R wave or the point of reversal of the posterior wall and septal echoes prior to ejection was the point at which the end-diastolic dimension was measured (Dd, fig. 1 ). At endsystole the posterior wall and septal echoes have converged maximally. During isovolumic relaxation the interventricular septum echo usually shows a slight anterior motion and reversal of this motion which forms a notch in the echographic tracing. The posterior wall echo reaches its maximal anterior position at the onset of this notch in the septal motion and is the point at which the end-systolic dimension is measured (Ds, fig. 1 ). Extreme care must be taken to measure from the endocardial surface of the posterior wall rather than from the discrete echoes The change in the apex to base length, or major axis, was measured as the total excursion of the atrioventricular ring echo during the cardiac cycle (AL, fig. 2 ). The pattern and amplitude of this echo is similar to the echo from the mitral ring described in detail by Zaky and associates.12 The average measurements from at least three cardiac cycles were used to determine the diastolic diameter, the systolic diameter, and the change in ventricular length. In It is necessary to assume that the relationship of the chamber lengths and diameters remains the same during systole and diastole for stroke volume to be calculated. In a recent angiographic study'7 of 20 subjects with heart disease, the ratio of diastolic length to diameter was the same as the ratio of the systolic length to diameter in those patients with significantly increased end-diastolic volume (greater than 300 ml). In subjects without significant increases in end-diastolic volume, the ratio of diastolic length to diameter averaged 1.9, and the ratio of systolic length to diameter averaged 2.3. When all subjects were considered together, the diastolic ratio of length to diameter averaged 1.8 V= (r/6)LD2 = (7r/6) (KD) (D2) (ir/6)KD3 (1) Angiographic data from other studies'6-9 prompted us to assume that the major axis is approximately twice as long as the minor axis, therefore the constant K = 2 in the formulae above. Using these values, the equation 2 can be rewritten as: SVE, = 7r/6(2) (Dd3 --Ds3) = 1.047 (Dd3-Ds3).
Stroke volume is the difference between the volumes of two such figures calculated using the end-diastolic dimension (Dd) and the endsystolic dimension (Ds) taken from the echogram ( fig. 1): SVE, = EDV-ESV= (7r/ 6KDd3) -
where EDV = end-diastolic volume, ESV = endsystolic volume, SVE = echogram stroke volume, and K is a constant.
Circulation, Volume XLI, March 1970 Again using the constant K= 2 for the relationship of the major and minor axes at end diastole, the equation on line 5 can be reduced to:
Stroke volume was calculated from the Fick cardiac output as follows: SVF = Cardiac output Heart rate (8) where SVF = stroke volume by the Fick method. The expected stroke volume was calculated from 24 studies in 21 patients in whom the presence and degree of valvular regurgitation were known. In each case, the stroke volume which would be expected from the echographic measurements was greater than the effective forward stroke volume measured by the Fick method (table 2 Figure 5 Frames from cineangiocardiograms taken in the frontal and lateral projections are shown. In the frontal projection, a metal disk marks the position of the transducer during echographic study. A metal rod has been placed alongside the patient at the level of the fourth intercostal space and directed along the plane of the transducer during an echographic study. The path of the sound beam through the ventricle is visualized. LV Within the range of practical values, a variation of 10% is obtained by using Dd3 = Ds3 to approximate the predicted SVF.
Our experience using these echocardiographic technics permit three preliminary conclusions. First, accurate calculation of stroke volume over a wide range of values is possible by using ventricular measurements obtained by cardiac echography. Secondly, the total stroke volume of the left ventricle can be estimated and compared with the effective forward stroke volume in patients with valvular regurgitation to evaluate the degree of regurgitation. Thirdly, this safe, simple and painless technic warrants further investigation, in order to refine the procedure described. Specifically, a standard echographic method for measuring the absolute apex-tobase dimension of the left ventricle would be of value. If this major axis could be measured, the true major and minor axis measurements could be used directly for each patient and the echographic stroke volume calculation would be more accurate for patients with large dilated ventricular chambers. The potential of the echographic technic will be known only after further validation of the method and discovery of its limitations.
